In bacteria, initiation of transcription depends on the RNA polymerase subunit, which brings catalytically proficient RNA polymerase core to promoters by binding to specific DNA elements located upstream of the transcription start point. Here, we study -dependent synthesis of a transcript that is used to prime replication of the single-stranded genome of bacteriophage M13. We show that, in this system, plays no role in DNA recognition, which is accomplished solely through RNA polymerase core interaction with DNA downstream of the transcription start point. However, is required for full-sized transcript synthesis by allowing RNA polymerase core to escape into productive elongation. RNA polymerase may play a similar role during replication primer synthesis in other bacterial mobile elements whose life cycle involves a single-stranded DNA stage.
D
NA-dependent RNA polymerase (RNAP) is the central enzyme of gene expression and a major target for regulation. The functional cycle of RNAP consists of transcription initiation, transcription elongation, and transcription termination. Transcription initiation can be further subdivided into promoter complex formation, abortive initiation, and promoter escape. Bacterial RNAP core (subunit composition ␣ 2 ␤␤Ј) is catalytically proficient but is unable to initiate transcription from promoters. Binding of one of the several factors to RNAP core results in the formation of the holoenzyme, which can recognize and initiate transcription from promoters. The main factor of Escherichia coli, 70 , is the best understood protein of its class (1) . The role of in promoter recognition is well-established: in the context of the holoenzyme, regions 4.2 and 2.4 directly bind the Ϫ35 and the Ϫ10 promoter consensus elements, respectively. Accumulating evidence suggests that factors may be involved in later stages of transcription initiation such as abortive RNA synthesis (2) and promoter escape (3) , and might even participate in transcript elongation (4, 5) . However, these additional roles are poorly understood, partially because of the difficulties in separating the ''conventional'' promoter-recognition͞melting functions of from those that come into play later in transcription process.
The initiation of M13 minus-strand DNA synthesis is catalyzed by E. coli RNAP 70 holoenzyme (E 70 ) (6) , which acts as a primase and synthesizes an 18-to 20-nt-long primer RNA (pRNA) (7) (8) (9) . RNAP core enzyme is inactive in this reaction (6) (7) (8) . E 70 specifically recognizes a site on M13 DNA plus strand, called the minus-strand origin. The minus-strand origin contains two inverted repeats that can form two hairpins, resulting in the formation of partially double-stranded structure (7, 8) schematically shown in Fig. 1a . The 70 -dependence of pRNA synthesis from the partially double-stranded minusstrand origin DNA was explained by Higashitani and colleagues. (7, 8) , who identified sequences with similarities to the Ϫ10 and Ϫ35 promoter consensus elements located at appropriate distances from the pRNA start point. Hence, the recognition of the minus-strand origin was regarded as conventional bacterial promoter recognition. Here, we show that this view is incorrect and that both RNAP core and holo enzymes bind minus-strand origin DNA and that this interaction does not involve putative promoter consensus elements. The presence of the 70 subunit allows RNAP core to escape into elongation and complete pRNA synthesis.
Materials and Methods
Proteins. Wild-type or mutant RNAP core enzymes were purified as described (10 (10 Ci͞mmol) . For the experiment shown in Fig. 3a , reactions also contained 0.5 mM ApG or ApGpG primers. Reactions were terminated after a 10-min incubation at 37°C by the addition of formamide-containing loading buffer, and products were separated on denaturing (7 M urea) polyacrylamide gels and revealed with PhosphorImager (Molecular Dynamics).
Transcription from the T7 A1 promoter template was performed at similar conditions, except that 0.3 pmols of PCR fragment, containing the T7 A1 promoter (12) , were used as a template. Abortive synthesis was initiated by the addition of 100 M CpA and 0.3 M [␣-32 P]UTP (3,000 Ci͞mmol); in run-off assays, the reactions were also supplemented with 100 M NTPs.
DNase I Footprinting. A synthetic, gel-purified 128-nt-long DNA fragment (template 1) was 32 P-labeled at its 5Ј end with T4 polynucleotide kinase. Complexes were formed as described in the previous section and in the Fig. 2a legend and footprinted with DNase I exactly as described (13) .
Affinity Labeling. Affinity labeling of minus-strand origin complexes formed as described above was performed by using AMP(1065) (o-formylphenyl ester of AMP) exactly as described (14) . factor marked with kanamycin resistance (16) . M13 was plated on kanamycin-resistant, FЈ ϩ JE1134 and MG1655 E. coli exactly as described (17) .
Results
Defining a Minimal Minus-Strand Origin Fragment Sufficient for pRNA Synthesis. To better understand sequence requirements for minus-strand origin recognition by E 70 , we delineated a minimal M13 DNA fragment sufficient for pRNA synthesis. Our starting template, template 1, was a 128-nt DNA fragment corresponding to M13 positions 5624-5751 and containing both pairs of inverted repeats (Fig. 1a) . A slightly longer 137-nt fragment of highly similar f1 phage was previously studied by Higashitani et al., (7) . The pRNA synthesis on the entire plus-strand M13 DNA required E. coli SSB (Fig. 1b , compare lanes 1 and 2). In the absence of SSB, nonspecific RNA synthesis was observed, which is likely due to transcription initiation on multiple sites on single-stranded DNA. E 70 also synthesized pRNA from template 1, but the synthesis was SSB-independent (Fig. 1b , compare lanes 3 and 4). The observed lack of SSB dependence for the shorter DNA fragment suggests that SSB functions in pRNA synthesis to simply prevent nonspecific RNAP binding to singlestranded DNA, as suggested earlier (6, 7). The length distribution of pRNA products was also changed, with the 18-nt transcript becoming the major species on template 1 (the 20-nt transcript predominated when the entire M13 plus-strand DNA was used a template, Fig. 1b , compare lane 2 with lanes 3 and 4). The reasons for changes in pRNA length distribution are not known although similar behavior was observed previously (7) . We note that all transcripts initiated from the same start point and the observed heterogeneity in pRNA lengths were due to differences in pRNAs' 3Ј ends as indicated by experiments that involved various combinations of missing nucleotides or 5Ј end-labeling of pRNA transcript with [␥- The putative E 70 Ϫ35 promoter element is located in the left shoulder of the pseudo double-stranded M13 minus-strand origin (Fig. 1a) . To check the role of this element in pRNA synthesis, the ability of a 50-nt minus-strand origin fragment that lacked the entire left shoulder (template 2, Fig. 1a ) to support pRNA synthesis was investigated. E 70 efficiently synthesized pRNA from this template (Fig. 1c, lane 4) , indicating that the putative Ϫ35 promoter element is dispensable for origin recognition and pRNA synthesis. Even more strikingly, deletion of the putative Ϫ10 promoter element (template 3, Fig. 1a) did not lead to changes in pRNA synthesis efficiency (Fig. 1c, lane 6) . Further analysis defined the minimal 33-nt DNA fragment that functioned as a template for pRNA synthesis. The minimal fragment could be folded into an imperfect 12-bp hairpin with a 3-nt terminal loop and a 6-nt single-strand extension on the 3Ј end (indicated in red in Fig. 1a) . Shortening the minimal 33-nt fragment from either the 3Ј or the 5Ј ends abolished primer synthesis (data not shown).
The synthesis of pRNA initiated 4 nt downstream of the 3Ј end of the minimal template. This initiation start point corresponded to the start point observed on the intact M13 DNA (9) and was highly specific: pRNA synthesis initiated with ATP even though transcription reactions contained high concentrations of all four NTPs that could have been used to initiate transcription from other positions of the template.
Efficient pRNA synthesis from templates that almost totally lacked upstream promoter elements raised the question whether pRNA synthesis from these templates was 70 -dependent. Comparison of odd and even lanes of Fig. 1c shows that pRNA synthesis was strictly dependent on 70 addition on templates 1-3 and on the minimal template (data not shown). -dependence of pRNA synthesis on templates lacking sequences upstream of the transcription start point could be due to the absence of template DNA recognition by RNAP core. Alternatively, 70 may not participate in the minus-strand origin recognition but may be required at later stages of pRNA synthesis. The ability of RNAP core and E 70 to bind the minus-strand origin DNA was studied by DNase I footprinting of complexes formed at a stoichiometric ratio of RNAP and template 1 (Fig. 2a) . Both RNAP core and E 70 afforded a similar degree of protection of template DNA from DNase I digestion (Fig. 2a , compare lanes 4 and 5 with control lane 3, where no RNAP has been added). The result is in contrast with results of Higashitani et al. (7) , who reported that RNAP core did not bind the minus-strand origin. We do not know the reason for this discrepancy. We note that in our experiments (i) RNAP core was fully inactive in pRNA synthesis reaction (Fig. 1c) , indicating that the core enzyme preparation was free of contaminating holoenzyme and (ii) E 70 was reconstituted directly in the reaction by combining 70 with RNAP core, thus allowing direct comparisons of reactions containing core and holoenzymes. We therefore conclude that RNAP core interacts with the minus-strand origin DNA, but this complex is inactive in pRNA synthesis.
RNAP Core Bound to Minus-Strand Origin Is Unable to Escape in
Elongation. The absence of pRNA synthesis by RNAP core could be due to its inability to catalyze phosphodiester bond formation or can result from problems at the initiation-to-elongation transition. To address this alternative, we used highly selective affinity labeling with initiation substrate analogue (14) . In this protocol, RNAP in the promoter complex is first crosslinked to an initiating (ϩ1) nucleotide derivative, and the crosslinked nucleotide is next extended in a template-dependent manner, with radiolabeled nucleoside triphosphate specified by position ϩ2 of the template. As a result, a radioactive dinucleotide is covalently attached to RNAP subunit(s); the labeled subunit(s) is visualized, after SDS͞PAGE, by autoradiography. Affinity labeling of core and E 70 minus-strand origin complexes was performed by using a crosslinkable initiating AMP derivative that is known to target a conserved residue in RNAP ␤ (14), and the crosslink was extended in the presence of [␣-32 P]GTP (note that the 5Ј end of pRNA is 5Ј-ApG. . .). RNAP ␤ was efficiently labeled in reactions containing either core or holo enzymes (Fig.  2b, compare lanes 1 and 2) . In the E 70 complexes, 70 was also labeled with low efficiency (Fig. 2b, lane 2) . The labeling of ␤ in reactions containing either core or holoenzyme must reflect transcription initiation at the true pRNA start point because the addition of ''non-cognate'' nucleotides [␣-32 P]ATP, [␣-32 P]UTP, or [␣-32 P]CTP did not result in any labeling (Fig. 2b, compare  lanes 1 and 2 with lanes 3-8) .
The affinity labeling result shows that RNAP core complexed with minus-strand origin can synthesize the first phosphodiester bond. Indeed, analysis of pRNA synthesis reaction products on high-resolution gels revealed that both RNAP core and E 70 produced copious amounts of abortive dinucleotide pppApG but only E 70 synthesized the full-sized pRNA, as expected (Fig. 2c,  lanes 2 and 3) . E 70 also synthesized the expected trinucleotide abortive product, which was absent from the RNAP core reaction.
To definitively establish that RNAP core synthesizes abortive transcripts from the pRNA start point, the following experiment was performed. The DNA template was modified such that the GC base pair immediately downstream of the pRNA start point was substituted for a CG base pair. The resulting template encodes a mutant pRNA containing a C at position ϩ2 and is used by E 70 to synthesize a full-length pRNA (data not shown). The ability of RNAP core to synthesize abortive products pppApG and pppApC from the wild-type and the mutant template was determined. The result is presented in Fig. 2d . As can be seen, RNAP core synthesized abortive products from both templates in the presence of the ''correct'' combination of nucleotide substrates (Fig. 2d, lanes 2 and 5) and was totally inactive when a non-cognate nucleotide combination was used (Fig. 2d, lanes 3 and 4) . We therefore conclude that RNAP core is able to correctly locate the pRNA transcription start point in the absence of 70 but is unable to synthesize pRNA because it cannot extend initiated transcripts beyond the second position. The results presented above indicate that the minus-strand origin DNA is specifically recognized by RNAP core even in the (18) (Fig. 2e ). E 70 that lacked the ␤Ј downstream jaw domain that protrudes into the trough and cradles the downstream DNA (15) (Fig. 2e) transcribed well from conventional promoters (Fig. 2f , compare lanes 4 and 5) but did not transcribe from minus-strand origin DNA, indicating that the ␤Ј downstream jaw is involved in recognition of the minus-strand origin and͞or stability of the resulting complex. Both core and holoenzymes lacking the ␤Ј downstream jaw were transcriptionally inactive on minus-strand origin DNA (Fig. 2f, lanes 2 and 3) , underscoring the requirement for intact ␤Ј downstream jaw for pRNA synthesis. In accordance with this in vitro result, E. coli cells that harbor the rpoC deletion that removed the ␤Ј jaw were found to be nonpermissive for M13 (data not shown). may stabilize the retention of short abortive transcripts during early stages of pRNA synthesis and allow them to be extended beyond the second position. To check this idea, pRNA reaction was initiated with ApG dinucleotide, which corresponds to the first abortive transcript that both core and holoenzymes can synthesize, or with ApGpG trinucleotide that can be synthesized only by E 70 (Fig. 2c) . As can be seen from Fig. 3a , RNAP core acquired the ability to synthesize full-sized pRNA when reaction was initiated with ApGpG but not with ApG. However, even in the presence of ApGpG, RNAP core was only 30% as active as E 70 in pRNA synthesis (Fig. 3a, compare lanes 3 and 4) . Thus, 70 becomes partially dispensable for pRNA synthesis once the second phosphodiester bond has formed.
Functional and structural analyses indicate that a part of , region 3.2, protrudes toward the catalytic center and can contact the 5Ј end of short transcripts (19) (20) (21) . This interaction could stabilize short transcripts and allow them to be extended. E 70 reconstituted from 70 mutant lacking region 3.2 did not produce pRNA (Fig. 3b, lane 4) . However, the mutant enzyme was active in abortive synthesis of pppApG dinucleotide from the minusstrand origin template (Fig. 3b, compare lanes 5 and 6) and also transcribed well from a Ϫ10͞Ϫ35 promoter T7 A1 (Fig. 3b,  compare lanes 1 and 2) . Control experiments showed that RNAP holoenzymes reconstituted from sigmas that lacked regions 1 or 4 synthesized pRNA normally (data not shown). We therefore conclude that 70 region 3.2 is specifically required for pRNA synthesis.
Discussion
Our principal finding is the demonstration that production of pRNA from M13 minus-strand origin, although dependent on 70 , is independent of sigma's prototypical ability to specifically recognize DNA. Instead, 70 allows RNAP core to escape into productive elongation. Our results suggest that 70 region 3.2 plays an essential role in pRNA synthesis, possibly by contacting and stabilizing short abortive transcripts and allowing their extension.
The recognition of minus-strand origin is evidently accomplished by RNAP core, which heretofore was not known to initiate transcription specifically. Whereas our results show that the ␤Ј downstream jaw is required for minus-strand origin complex formation, it is possible that the jaw stabilizes the complex once it is formed and is therefore not involved in recognition per se. It remains to be determined which features of the minus-strand origin allow specific recognition and correct positioning of RNAP catalytic center to allow transcript initiation at ϩ1.
Sigma subunits are thought to be responsible for DNA recognition during RNAP holoenzyme-dependent priming of replication from single-stranded origins of plasmids (22, 23) , episomes (24) , and phages (25) from evolutionarily distant groups of bacteria. Our results suggest that RNAP core may be the primary determinant of origin recognition in these and possibly other systems whereas sigma subunits may perform essential functions that are unrelated to their prototypical promoter recognition function.
The priming of replication by RNAP holoenzyme has been known for some time (6) . In addition to issues of specific origin recognition by RNAP that have been studied in this work, there is a fascinating question of how the transfer of pRNA 3Ј end from RNAP to DNA polymerase is accomplished. What determines the length of the pRNA transcript? Is RNAP part of the priming complex and if yes, how does DNA polymerase gain access to the primer's 3Ј end? The minimal system described here should facilitate investigation of these important questions in the future. 2) and M13 minus-strand origin fragment. Lanes 5 and 6 show the products of abortive initiation from the M13 minusstrand origin fragment.
